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Abstract The properties of the ATPase activity of the type II
chaperonin from Methanococcus maripaludis (Mm-cpn) were
examined. Mm-cpn can hydrolyze not only ATP, but also
CTP, UTP, and GTP, albeit with di¡erent e¡ectiveness. The
ATPase activity is dependent on magnesium and potassium ions,
and is e¡ectively inhibited by sodium ions. Maximal rates of
ATP hydrolysis are achieved at 600 mM potassium. Initial rates
of ATP hydrolysis by Mm-cpn were determined at various ATP
concentrations, revealing for the ¢rst time the presence of both
positive intra-ring and negative inter-ring cooperativity in the
archaeal chaperonin.
) 2003 Federation of European Biochemical Societies. Pub-
lished by Elsevier Science B.V. All rights reserved.
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1. Introduction
Chaperonins comprise a subset of molecular chaperones
which function as ATP-driven macromolecular protein fold-
ing machines [1]. Chaperonins can be classi¢ed into two types.
Type I chaperonins are found in bacteria, mitochondria and
chloroplasts, while type II are found in eukaryotes and ar-
chaea. All chaperonins assemble into double rings composed
of V57 kDa subunits [2,3]. In the case of bacterial GroEL,
the rings consist of seven identical subunits. In contrast, the
rings of the eukaryotic chaperonin CCT (containing TCP-1 (t-
complex polypeptide 1)) contain eight di¡erent subunits, while
the rings of archaeal chaperonins can be eight- or nine-mem-
bered, and are comprised of one to three di¡erent subunit
types. The ring architecture of chaperonins allows for a large
central cavity where non-native proteins may bind and under-
go productive folding in a nucleotide-dependent manner [4].
To date, GroEL has been the most widely studied chaper-
onin, particularly in terms of elucidating the role of ATP in
chaperonin action. Considerably less is known about the
ATP-driven reaction cycle in archaeal thermosomes. In the
absence of nucleotide, thermosomes are expected to be in a
largely open conformation, with the central cavity accessible
to potential substrate proteins [5]. The binding of non-hydro-
lyzable nucleotide analogs is able to e¡ect conformational
changes in the thermosome [6] and bring about the protection
of bound substrate from cleavage by protease [7], suggesting
that nucleotide binding alone may be su⁄cient to close the
cavity and lead to protein folding [8]. Nevertheless, the precise
roles of nucleotide binding and hydrolysis in thermosome ac-
tivity await further characterization.
In general, type II chaperonins have thus far proven more
challenging to characterize to the same extent as GroEL. This
is partly due to their subunit heterogeneity, best exempli¢ed
by the eukaryotic CCT. The simpler composition of archaeal
chaperonin system could poise them to become attractive
model systems for the biochemical study of the type II family
were it not for the fact that many of the thermosomes that are
currently under investigation are not fully functional in vitro
[9^11]. This could partly be due to the fact that they are
usually derived from (hyper)thermophilic sources and do not
adjust well to in vitro conditions of lower temperatures. Re-
cently, we reported that Mm-cpn, the homo-oligomeric chap-
eronin from the mesophilic archaeon Methanococcus maripa-
ludis, could serve as a useful model system for the biochemical
study of type II chaperonins because it was fully functional
under ambient laboratory conditions and could support the
folding of the model substrate rhodanese [8]. In the present
study, we examine the properties of the ATPase activity of
Mm-cpn and present the ¢rst evidence for the presence of
both positive and negative cooperativity in an archaeal chap-
eronin.
2. Materials and methods
2.1. Protein puri¢cation
Mm-cpn and GroEL were puri¢ed as described [4,8,12].
2.2. ATPase activity of Mm-cpn
Nucleotide hydrolysis activity was determined as described [13] and
liberated Pi was determined by a Malachite Green assay [14]. Brie£y,
ATP (1.5 mM) was added to samples containing Mm-cpn and hydro-
lysis was allowed to proceed for various times. The reaction was
stopped with 10 mM EDTA, followed by colorimetric detection. To
determine the cation-dependence of Mm-cpn ATPase activity, Mm-
cpn (110 nM ¢nal oligomer) or GroEL (50 nM ¢nal oligomer) was
added to bu¡er A (30 mM Tris, pH 7.5, 5 mM MgCl2) at 37‡C, and
supplemented with various salts as indicated in the ¢gure legends. For
determination of pH dependence, 30 mM bisTris^HCl and 30 mM
Tris^HCl systems were used at the indicated pH values, each bu¡er
being supplemented with 5 mM MgCl2 and 100 mM KCl.
2.3. Determination of cooperativity
Initial rates of ATP hydrolysis were measured by determining lib-
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erated Pi using radiolabeled [Q-32P]ATP, with sample processing as
described [15], or by an improved colorimetric assay according to
Geladopoulos et al. [16]. Reaction rates were measured in bu¡er A
plus 100 mM KCl. Aliquots were withdrawn at 2, 4, 6, 8, 10 min (or
at 1.5, 3, 4.5, 6, 7 min for [ATP] 6 20 WM), to con¢rm that hydrolysis
remained linear with time. Curve ¢tting was performed using Kaleida-
Graph 3.5 (Synergy Software Inc.) and, where indicated, the data
were ¢t to the following Hill-type equation [17]:
V ¼ ðVmax1 þ Vmax2ðL=K2ÞmÞ=ð1þ ðK1=LÞn þ ðL=K2ÞmÞ ð1Þ
where V is the observed rate of ATP hydrolysis, L is the ATP con-
centration, Vmax1 and Vmax2 are the maximum rates of hydrolysis by
one and both rings of Mm-cpn, K1 and K2 are the apparent binding
constants of ATP by the ¢rst and second rings, and n and m are the
Hill coe⁄cients for the ¢rst and second allosteric transitions.
3. Results and discussion
3.1. Properties of the Mm-cpn ATPase activity
ATPase activity is essential to chaperonin function in vivo
and in vitro [1,4,12,18]. We incubated Mm-cpn at 37‡C in the
presence of 1.5 mM of various nucleotide triphosphates for up
to 20 min and quantitated the liberated inorganic phosphate.
Over the course of the assay, the amount of liberated inor-
ganic phosphate increased linearly with time (not shown), and
we found that in addition to ATP, Mm-cpn could hydrolyze
CTP to a similar extent, while UTP and GTP were hydrolyzed
less e⁄ciently (Fig. 1). These results are similar to those re-
ported for the chaperonin from Methanococcus thermolitho-
trophicus which could promote recovery of guanidine-dena-
tured citrate synthase in the presence of ATP, CTP, and
UTP, but not GTP [19]. The ATPase activity of Mm-cpn
was dependent on the presence of Kþ or NHþ4 ions (Fig. 2),
with Kþ being more e¡ective at supporting hydrolysis. There
was no hydrolysis in the presence of Naþ ions. Sulfate ap-
peared to have a mildly inhibitory e¡ect in the context of Kþ
ions. Stimulation of ATPase activity by Kþ has been observed
for other chaperonins as well. The ATPase activity of GroEL
is strictly dependent on Kþ ions [20], whereas the stimulatory
gains for CCT in the presence of Kþ are more modest [21].
Among the archaea, potassium strongly stimulates the ATP-
ase activity of the thermosome from Sulfolobus solfactarius
[22] and has a mild stimulatory e¡ect on the thermosome
from Thermoplasma acidophilum [23]. In contrast, the thermo-
some of Methanopyrus kandleri is strictly dependent on high
concentrations of ammonium ions [10]. Magnesium is in-
volved in coordination of the nucleotide [24] and, as with
all chaperonins, the ATPase activity of Mm-cpn is dependent
on the presence of Mg2þ. Consistent with this, calcium ions
could not support ATP hydrolysis by Mm-cpn (not shown).
We found no di¡erence in ATP hydrolysis when the Mg2þ
concentration was varied from 1 to 50 mM (not shown).
The ATPase activity of Mm-cpn was found to vary strongly
with the concentration of potassium ions (Fig. 3A), whereas
no such e¡ect was seen with ammonium cations (see also Fig.
2). No signi¢cant ATPase activity was detected when the con-
centration of Kþ was below 10 mM, and activity was maximal
at 600 mM Kþ. Moreover, in addition to not supporting ATP
hydrolysis (Fig. 2), Naþ ions were found to signi¢cantly in-
hibit the Kþ-dependent ATP hydrolysis by Mm-cpn (Fig. 3B).
With ATP hydrolysis in bu¡er containing 100 mM KCl at
37‡C set as a control, the addition of an equimolar amount
of NaCl resulted in a 93% inhibition of the ATPase activity of
Mm-cpn compared to only 27% for GroEL (Fig. 3B). A re-
cent high resolution crystal structure of GroEL suggests the
involvement of potassium in the positioning of the Q-phos-
phate of ATP for hydrolysis [24]. The greater susceptibility
of archaeal chaperonins to inhibition by Naþ could be the
result of a lower relative a⁄nity for Kþ at the nucleotide
binding site, thereby allowing for more e⁄cient competition
by the former. While inhibition of the ATPase activity by
sodium ions has also been observed in the chaperonin from
the archaeon Haloferax volcanii [11], the absolute salt concen-
trations used in that study were in the molar range, re£ecting
the halophilic nature of the Haloferax protein. As a result, the
e¡ects of sodium ions on halophilic chaperonins could addi-
tionally be due to ionic surface binding e¡ects. Methanogens
have been shown to accumulate high levels of intracellular
potassium, which can range from approximately 150 mM
for mesophilic species, such as Methanospirillum hungatei, to
over 1.2 M for certain thermophilic species, such as Methano-
brevibacter arboriphilus [25,26]. However, sodium levels in
methanogenic archaea are maintained at levels that are sig-
ni¢cantly lower than potassium levels and, in certain metha-
nogenic archaea, are kept even lower than in the outside me-
Fig. 1. Ability of Mm-cpn to hydrolyze various nucleotide triphos-
phates. Mm-cpn was incubated in bu¡er A with 100 mM KCl at
37‡C and supplemented with 1.5 mM of the indicated nucleotides to
initiate hydrolysis. Activity obtained with ATP is set to 100%.
Fig. 2. Salt dependence of Mm-cpn ATPase activity. Mm-cpn was
incubated in bu¡er A with di¡erent salts at the indicated concentra-
tions. Initial rates of ATP hydrolysis were determined as described
in Section 2. Activity at 100 mM KCl is set to 100%.
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dium [25]. Thus, inhibition by sodium is likely not to be prob-
lematic for Mm-cpn in vivo.
To determine the pH dependence of Mm-cpn ATPase ac-
tivity, we employed an overlapping bu¡er system to cover a
pH range from 5.5 to 9.0 (Fig. 4). The ATPase activity of
Mm-cpn approached background hydrolysis levels below pH
6.0, and was maximal at pH 8.0. M. maripaludis can be grown
in culture between a pH of 6.4 and 7.8, with maximal growth
occurring between pH 6.8 and 7.2 [27].
3.2. Nested cooperativity in ATP hydrolysis
Measuring the ATPase activity as a function of ATP con-
centration can reveal important information about intra- and
inter-ring cooperativity. The curve pro¢le in Fig. 5A shows
such a data set for Mm-cpn obtained under experimental
conditions where Mm-cpn has been shown to be fully func-
tional in mediating protein folding of substrate proteins [8].
The pro¢le is reminiscent of what has been described for
eukaryotic CCT, with two distinct transitions representing
the loading of the ¢rst and second rings with ATP [17]. The
data in the low concentration range (6 150 WM; Fig. 5B)
were ¢tted to the Hill equation (Fig. 5B, inset) and the initial
parameters were used to constrain Eq. 1 in order to obtain a
Fig. 3. Opposing e¡ects of potassium and sodium ions on chapero-
nin ATPase activities. A: Mm-cpn was incubated in bu¡er A with
increasing concentrations of KCl and initial rates of ATP hydrolysis
were determined. Activity at 100 mM KCl is set to 100%. B: Mm-
cpn and GroEL were incubated in bu¡er A with 100 mM KCl and
increasing concentrations of NaCl. ATPase activities were deter-
mined as described in Section 2. Activity in the absence of NaCl is
set to 100%.
Fig. 4. pH dependence of Mm-cpn ATPase activity. Initial rates of
nucleotide hydrolysis by Mm-cpn were measured after incubation of
samples in bisTris^HCl or Tris^HCl bu¡ers at the indicated pH val-
ues. Activity at pH 7.5 is set to 100%.
Fig. 5. Nested cooperativity in ATP hydrolysis of Mm-cpn. A: Ob-
served velocities across the full range of ATP concentrations used.
Data were ¢t to Eq. 1. B: Close-up view of observed velocities
across the low range of ATP concentrations. Data were ¢t to the
Hill equation. Inset: Hill plot of data in B. Y-axis: log(V/
(Vmax13V)), X-axis: log[L].
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good ¢t for the entire data set. We obtained the following
parameters for the ¢rst ring: an apparent binding constant,
K1, of 43 ( R 8) WM; Vmax1 of 15.2 ( R 1.6) ATP min31 ; and a
Hill coe⁄cient of 1.47 ( R 0.26). For the second ring, the ap-
parent binding constant, K2, was found to be 296 ( R 17) WM,
while the Hill coe⁄cient was 2.97 ( R 0.34). The rate of hydro-
lysis, Vmax2, for both rings was determined to be 59.4 ( R 2.1)
ATP min31, a steady-state rate that is comparable to that of
GroEL [28]. Since the Hill coe⁄cients for each ring in Mm-
cpn are s 1, this suggests the presence of positive intra-ring
cooperativity. Our ¢ndings contrast with an earlier attempt at
determining the cooperative properties of an archaeal chaper-
onin, from T. acidophilum, which suggested a slight negative
cooperativity [23]. However, the low intrinsic ATPase rate of
that particular chaperonin precluded measurements at very
low ATP concentrations [23]. In contrast, at 37‡C, the ATP-
ase rate of Mm-cpn is su⁄ciently high to use low enough
protein concentrations (6 200 nM oligomer) to obtain data
even at low ATP concentrations. The Mm-cpn data presented
here indicate that archaeal chaperonins exhibit positive intra-
ring cooperativity, as is the case for bacterial GroEL and
eukaryotic CCT [17,28]. Moreover, since K2sK1 and since
ms n for Mm-cpn, this is consistent with the presence of
negative cooperativity between rings, as was argued in the
case of eukaryotic CCT [17]. It should be noted that the
di¡erence between the apparent a⁄nity constants for ATP
binding to each ring (K1 versus K2), as well as the di¡erence
between the Hill coe⁄cients for the two transitions (n versus
m), is smaller in Mm-cpn than in CCT, despite similar exper-
imental conditions (100 mM Kþ and 37‡C versus 50 mM Kþ
and 25‡C in the CCT study). The aforementioned di¡erences
in a⁄nity constants and Hill coe⁄cients could be due to a
lesser extent of negative cooperativity in Mm-cpn than in
CCT, and may explain why Vmax of both rings is nearly
four times greater than Vmax of a single ring in the archaeal
chaperonin, compared to a factor of two in the eukaryotic one
[17]. Lower negative cooperativity in Mm-cpn compared to
CCT could be due to a di¡erence in the nucleotide binding
mode between subunits in the hetero-oligomeric CCT rings
and those in the homo-oligomeric Mm-cpn rings. In the het-
ero-oligomeric CCT, genetic evidence supports a sequential,
Koshland^Ne¤methy^Filmer-type, mechanism of nucleotide
association in a ring, consistent with the proposed order of
the eight di¡erent subunits within a ring [28^30]. Conse-
quently, the second ring might also have to be loaded in a
particular order. In contrast, it is di⁄cult to envision how
sequential cooperativity would work in a homo-oligomeric
complex such as Mm-cpn. The equivalence of subunits within
an Mm-cpn ring may impose no hierarchal requirement to
initiate binding at a particular subunit in a given ring, as
was suggested to occur in CCT [30]. Instead, Mm-cpn may
display a concerted, Monod^Wyman^Changeux-type, mode
of nucleotide association within a ring, akin to what has
been proposed for the homo-oligomeric GroEL [31,32].
GroEL also displays negative cooperativity when it comes
to inter-ring communication [32]. However, unlike in GroEL,
where a major consequence is a decrease in the rate of ATP
hydrolysis in both rings, the Vmax for both rings of Mm-cpn
and CCT is larger than Vmax for one ring. This suggests a
di¡erent mode of inter-ring communication in type II chaper-
onins, which could be the result of a di¡erent positioning of
the two chaperonin rings relative to each other, namely stag-
gered in type I versus in-register in type II chaperonins [2,3].
Nevertheless, the above data for Mm-cpn con¢rm for the ¢rst
time the universality of dual cooperativity (positive intra-ring
and negative inter-ring) among chaperonins from all three
domains of life.
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